Introduction
The Brazilian biodiversity is a rich repository of multiple use species of plants. Among them, many species of vines are particularly appreciated by rural inhabitants who exploit the roots and fibers for commercial purposes. Belonging to the genus Heteropsis (Araceae), this hemiepiphyte grows commonly throughout Brazil, mostly in natural forests of the Amazon Basin and Atlantic Forest regions (Bentes-Gama et al. 2013; Soares et al. 2009; Plowden et al. 2003 ). The vine is popularly known by "titicão" or titica vine (Shanley and Medina 2005) . Its natural occurrence seems to indicate a healthy forest because more light penetration through the forest canopy to the soil inhibits the occurrence of the species (Shanley and Medina 2005; Knab-Vispo et al. 2003) .
Suspended titica vine roots, commonly called "legs", provide a valuable raw material that is a resistant and workable fiber (Shanley and Medina 2005) . The main uses of this raw material are for furniture making, crafts (baskets, paneiros), brooms, moorings, and medicinal products (Durigan and Castilho 2004; Oliveira et al. 2006; y Paz et al. 1995) . Currently, titica vine fibers are usually extracted through predatory exploitation, which can cause local extinction of the species where it naturally occurs (Scipioni et al. 2012) . In regions where management of titica vine is employed, commercial collection of only 50 % of the total number of ripe roots is allowed (Durigan and Castilho 2004; Hoffman 1997) . This limitation reduces stress on plants and promotes the sustainability of the species in its naturally occurring habitats.
There are generally few studies demonstrating the sustainability of harvesting titica vine and other non-timber forest products (NTFPs); more specifically, no literature is available on harvest effects on the structure of the individuals, such as emergence of roots, flowers and fruits, or the impact of titica vine harvest on the ecosystem (Belcher and Schreckenberg 2007; Boot 1997) .
Studies focusing on the type of sampling for inventory of NTFPs are also scarce, and only a few studies propose specific inventory methodologies for non-timber species (Bruzinga et al. 2014; Evans and Viengkham 2001; Kleinn et al. 1996; Stockdale and Wright 1996, and Tonini 2013) . Studies sampling approaches for inventory are typically focused on analysis and ecological processes in the form of phenological or regeneration evaluations (D'Eça-Neves and Morellato 2004; Gama et al. 2001 ) and/or the stock of wood in natural forests (Cavalcanti et al. 2011; Piqué et al. 2011 ) and plantations (Druszcz et al. 2010; Fick 2011) .
Productivity of the trees is easiest to evaluate given the availability of existing forest inventory protocols that quantify wood products using prediction equations based on tree size (typically bole diameter) (Wong et al. 2000) . On the other hand, the NTFP productivity assessment is problematic because of confounding issues of scale, spatial distribution, rarity, seasonality, botanical identification, and detectability (Wong et al. 2000) . The authors also highlight the absence of known relationship between productivity and the characteristics of the plant, which may present a high variability causing serious difficulties for inventory purpose.
Traditional sampling techniques for timber inventory cannot be easily adapted for NTFPs because they tend to be inefficient (Wong et al. 2000) . Therefore, studies of vines are needed that assess proper sizes and shapes of plots and types of sampling-random or systematic-that may offer a higher accuracy in production estimates (Gama et al. 2001 ). This study is a pioneer initiative to propose a sample scheme for inventorying titica vine for NTFP management and planning.
The aim of the study was to compare approaches for titica vine inventory (roots ha 1 ) using simulations based on field data, in order to (1) evaluate the accuracy of production estimates of titica vines by simulation and analysis of two different sampling procedures; the best sampling intensity, as well as the ideal size and shape of the plot; and (2) propose an outline for efficiently sampling titica vines in the forests of the Amazon Basin.
Material and methods

Study area
The study area is located in the state of Pará, municipality of Paragominas, between 3°35′ and 3°45′ south latitude and 48°1 5′ and 48°25′ west longitude. It is part of the forest area in the Center of Management "Roberto Bauch" and is administered by the Tropical Forest Institute (IFT). It is approximately 5000 ha in area and is used for demonstrating and training on how to manage forests to reduce environmental and economic impacts in the Amazon.
The forest is predominantly classified as a dense ombrophilous forest of "terra firme" (IBGE 2004) . The local topography is moderately wavy with soil types that are predominately dystrophic yellow latosol (IBGE 2001) . The climate is typically humid, with an average annual temperature of 25°C and an average annual precipitation of 2200 mm, which is concentrated between the months of January and June (Alvares et al. 2013 ).
Data collection
The database for this study was obtained through an inventory of titica vine in 12 randomly distributed plots, each with a size of 100 m × 150 m, totaling 18 ha of sample area (reference inventory). Within plots, all individual trees with DBH ≥10 cm that included titica vines were measured and mapped accordingly to the Amazon non-timber forest products network of EMBRAPA (Kamukaia). Tree diameter at breast height (DBH, 1.30 m) was measured using a diameter tape; species identification was based on the experience of a field assistant ("parabotânico") employed by IFT. The number of "legs" (roots issued by the plant mother) on titica vines was quantified for each host (Shanley and Medina 2005) . Whether the vine roots were mature, immature, commercial, noncommercial, or dead was not registered.
Simulation and data processing
For the sampling process simulation (random and systematic), a map representing the spatial distribution of titica host trees measured in the field was drawn up through the program spatialized plot, the Sampling Tools utility within Hawth's Analysis was employed to create a grid with subplots of previously established dimensions (Table 1) . Using the Intersect tory data previously spatialized, and 11 files were extracted with the inventory information associated with the number of plots for each of the 12 plots surveyed.
For the simulations of the random sampling process, a random sample of subplots from the grid was selected using R 3.0.2 (R Development Core Team 2015). For the systematic sampling of a single stage, simulations were made directly in for each simulation on the grid, and from this point, the subplots that were present on the grid were selected in all directions, using the distance of 1 k, where k corresponds to a sampling unit.
In both sampling procedures, 11 types of plots varying in shape (rectangular or square) and size (area) were used. The number of plots used in each simulation was determined through sampling intensities of 5, 10, 15 and 20 % from the total area of 18 ha (Table 1) , i.e., the total area percentage of the population that was sampled.
The combination of the sampling process as well as the size and shape of the plots provided 88 different types of simulations, which were called treatments. For each treatment, 30 replications were applied to provide sufficient information for the statistical analyses. In total, we obtained 2640 plots, 1320 for each sampling procedure.
Statistical analysis of the data
The production of titica vine (vine roots ha −1 ) for each treatment was obtained after all simulations, and statistical analyses were performed to compare the estimates of production from the treatments to the reference inventory. For normally distributed data, ANOVA with Bonferroni tests (α = 0.05) (Zar 1999) were performed to test for differences among production estimates between the treatments and the reference inventory. Applied statistics included variance (s 2 ); standard deviation (s); standard error of the mean (S xa ) for infinite populations, for simple random sampling; and standard error of the mean for systematic sampling (S xs ) (Péllico Netto and Brena 1997; Zar 1999) .
To compare the performance among different sampling groups in relation to the reference inventory, the estimation of production per hectare was used in addition to the sampling error (Péllico Netto and Brena 1997) (Eq. 11) and the method of relative efficiency (Husch et al. 1972 ) (Eq. 1).
Where t = Student's t distribution of the 95 % probability with n − 1 degrees of freedom; S x = standard error of the mean; and x = the arithmetic mean of the variable taken for comparison. Smaller sampling error shows higher accuracy of the inventory (Péllico Netto and Brena 1997). In tropical forests, the wide heterogeneity of species, complex spatial distributions of species and large number of rare species are factors that can cause high sampling errors (Ubialli et al. 2009 ). Comparatively, for timber management, the sampling error allowed, according to IBAMA, is 10 % (Cavalcanti et al. 2011) , and the maximum error allowed in diagnostic inventory of Clusia spp. and Heteropsis spp., in accordance with Resolution COEMA no. 013/2009 of the state of Amapá, is 20 % (Amapá 2015). Since NTFP-type vines show high variability and seasonality of production, and because we were trying to evaluate sampling methods that resulted in a higher level of accuracy, the maximum value of the sample error was set at 15 %.
Where s x1 = the standard error (%) of the reference treatment; s x2 = the standard error (%) of the treatment to be compared with the reference; t 1 = the cost of inventory (installation of plots and measurements) in hours or monetary cost for the reference treatment; and t 2 = the cost for the treatment to be compared with the reference. If e = 100, then the tested treatment is 100 % efficient compared to the reference treatment. The relative efficiency (e%) was computed just for the treatments with sampling error less than or equal to 15 %, where the reference treatment was the treatment with the smaller sampling error (E%) value. The monetary cost to run an inventory in the Amazon forest was based on the values adopted by IFT for a support technician, amounting to US$ 10.76 ha
, and the productivity of 1.36 ha h −1 (Holmes et al. 2002) .
The best treatments, in which the calculated sampling error (E%) was ≤15 %, were selected for comparison. To compare the best treatments, an analysis of variance (ANOVA) was carried out in a triple factorial design [2 × 4 × 11, (two levels of sampling procedure, four levels of sampling intensity and eleven levels of plot size], with 30 replications and E% as a factor response. The assumptions of homogeneity of variances and normality were met when tested, with significance of 5 % on both Bartlett's test and Lilliefors test, based on the modified Kolmogorov-Smirnov test. When rejecting the H o of equal treatments, we used Tukey's test (Zar 1999) to compare which treatments were statistically different at a significance level of 5 %. The analyses were performed in R 3.0.2 (R Development Core Team 2015).
Results
The average tree density of the 18 ha study area was 154 host trees ha . In general, for all treatments tested, the average number of observed titica vines per tree host varied from 2.55 (±1.68) to 4.25 (±3.11). The estimate of average production for the random process was 570 (±14.99) vine roots ha (Fig. 1) . The number found in the reference inventory was 500 (±215) vine roots ha −1 . The treatments with plot sizes of 40 m × 15 m and 30 m × 30 m for random and systematic sampling, respectively, had the lowest production estimates, on average. Treatments with plots of 6 m × 150 m and 8 m × 150 m, random and systematic, respectively, had the highest production estimates, on average (Fig. 1) . However, both sampling procedures resulted in production values that were very close to the estimate obtained in the area.
The sampling errors obtained by the process of random sampling ranged from 13.22 to 37.93 %, with an average value of 22.20 % (±8.25). The systematic process presented more sample error variability, with a range of 10.71 to 46.61 % and an average of 21.50 % (±10.03) ( Table 2 ). In the systematic process, a greater number of treatments showed values lower than the allowed sampling error maximum (Table 2) . Higher values of E% were associated with the sampling intensity of 5 % for both sampling procedures.
As shown in Table 2 , of the two sampling procedures assessed, sampling errors were greater than the maximum assumed for transect-type plots. In general, the square and rectangular plots were associated with lower E% values; further detail in the production estimate was reached when sampling intensity was magnified from 5 to 20 % (Table 2 ). In accordance with the criterion of selection of the best treatments on the basis of the lowest values of E%, of the 88 total treatments evaluated in this study, only 15 were selected as the best (Table 2) .
Considering only the 15 treatments with sample error response less than 15 %, there was a significant difference between the random and systematic procedures (GL = 1, F = 431.32, p = 2 × 10 −16
), between sample intensities of 15 and 20 %, and or among the seven types of plots (GL = 6, F = 302.88, p = 2 × 10
−16
). On the other hand, it was found that there was no significant interaction between the three factors tested (GL = 6, F = 1.19, p = 0.27), indicating that the sampling processes, sample intensities, and types of plots acted independently on the sampling error. As shown in Fig. 2 , within the group of 15 treatments selected, four statistically similar groups, in relation to the maximum sampling error allowed, could be formed.
The estimate of average production per hectare for the 15 treatments with sampling error ≤15 % was 582 vine roots ha ), and the plot with dimensions of 20 m × 25 m was associated with the largest value of estimated vine root density (636 vine roots ha −1 ), both for the systematic process and intensity of 15 %. In general, the average production estimate for the treatments selected as best was within the range of the production estimate found for the reference inventory, guaranteeing an accurate estimate (Fig. 1) . With respect to efficiency (e%), the treatment considered the baseline was the systematic process, with an intensity of 20 % and plot dimensions of 10 m × 25 m, due to the lower sampling error (E%) value (Figs. 2 and 3 ). From this treatment basis, the best treatments were selected based on the value of efficiency above 50 % (Fig. 3) . These four treatments differed with respect to E%, being aggregated into three distinct groups, as shown in Fig. 2 .
Discussion
Different sampling procedures, plot sizes and shapes, and sampling intensities were compared and evaluated in this study to propose an efficient sampling strategy to inventory titica vines in Amazon rainforest region at lowest cost. Thus, we suggest a methodology for sampling of vines for evaluating areas of management interest for species productivity. We Table 2 Sampling error (E%) according to the different sampling procedures for each plot size and sampling intensity tested Note: italicized font indicates sampling error less than or equal to the maximum error allowed for the study (15 %) define the sampling strategy that is most efficient in terms of time and resources.
Random and systematic process
For the 88 treatments analyzed, the average estimates of the titica vine roots per area were low (583 ± 26 vine roots ha −1 ) compared to those of other studies of the same species in the Amazon region; others have found densities ranging from 544 to 1748 vine roots ha −1 (Fadima 2003; Hoffman 1997; Plowden et al. 2003) . Even though we have only 12 reference plots, our inventoried area (18 ha) has the largest sample area when compared to other studies, such as Fadima (2003), Hoffman (1997) , and Plowden et al. (2003) . Additionally, the genus Heteropsis does not present any specific parameter or "preference" for host trees to climb (Balcázar-Vargas et al. 2015; Bentes-Gama et al. 2013; Knab-Vispo et al. 2003) , differences in estimated production may be influenced by environmental conditions (Plowden et al. 2003) , including the forest composition, structure, climate, and soil type of the area. Moreover, among the stands selected for allocation of reference inventory plots, the latest timber exploitation by low impact technique happened in 2008, which may have altered the spatial distribution of host trees, thereby altering titica vine density.
Both random and systematic sampling showed a tendency to overestimate production compared to the reference inventory. However, the production estimate obtained in both the sampling processes was within the expected range (500 ± 154 vine roots ha
−1
). Heteropsis spp. has a random spatial distribution (Balcázar-Vargas et al. 2015; Durigan and Castilho 2004; Ferreira and Bentes-Gama 2004) , due to the randomly search by the vine for a host. In the case where the vine standing up to a host tree was detected randomly, accurate estimates of production were obtainable under both random and systematic processes (Husch et al. 1972; Zar 1999) . The sampling method to be selected should consider the size and shape of the sampling units. As the process is influenced by the spatial distribution of the species to be investigated (Zar 1999) .
In comparison to random sampling, the systematic sampling allows the sampling units to be distributed uniformly over the area (Soares et al. 2009 ) and can best represent the population to be studied. In addition, it can capture gradients and highlight profiles within a population related to the slope of the terrain, soil fertility, and other factors. Systematic sampling has been shown to be less biased and less costly for allocation and reassessment sampling (Krebs 1999) , so it is not surprising that systematic sampling process was more efficient, with sampling error less than or equal 15 % in 12 treatments, compared to only three treatments for the random process (Fig. 2) .
In general, the sampling error was lower in the systematic process than the random process, due to the lower standard error of the mean and the higher average value of roots per plot. The predominance of low standard error of the mean in the systematic process is mainly explained by the lower variability of production among the sample plots.
The random sampling process captured more variability due to gaps, which are discontinuities or openings in the canopy of the forest. This finding supports the fact that the systematic process produces better results of sampling error (E%) and relative efficiency (e%) than the random process, although we detected overestimation of titica vine production in some situations (Fig. 1) , probably because the distribution of the titica vine may have been fragmented by timber management activities and rocky outcrops in the study area (personal observation).
Size and shape of sample unit
Our findings demonstrate that plot size and shape are critical sampling parameters for titica vine inventory. The size and shape of sample plots should be considered a key parameter for titica vine surveys due mainly to their influence on the accuracy of production estimates (i.e., over or underestimation) and sampling error (E%). In general, we found that sampling error increased as the area of the sample unit increased, even as the sampling intensity decreased. In the systematic process, rectangular and square plots with areas ranging from 500 to 900 m 2 overestimated the titica vine production values by more than 20 % compared to the reference inventory.
Sample units with areas larger than 500 m 2 (rectangular/ square and transect shape) may be sampling more titica vine hosts on average, but we also noted a concomitant rise in the standard deviation when the sample unit area increased from 250 to 3000 m 2 (Fig. 1) . Transects plots uniformly distributed over the area may have captured more discontinuities than the rectangular plots, resulting in greater variability between sampling units and higher standard error leading to higher sampling error.
We noticed the opposite in the random process, where the production estimation per area was not greater than 20 % in relation the reference inventory for all treatments tested (Fig. 1) . The differences among random process treatments were that the standard deviation values and sample unit areas increased concomitantly, which provided an unbiased estimate of production.
Statistically, production estimates were significantly different between sampling process (random and systematics) and reference inventory, but were not significantly different between random and systematic process (F = 7.49, p < 110
). Even the production estimates were not significantly different between sampling processes; the minimum difference in estimated production and its accuracy is reflected in monetary terms to the forest manager.
In addition, plot size and shape may effectively result in production estimates with low sampling error (E%) and high efficiency (e%) independently of the sampling procedure. We observed good production estimates with low E% using the rectangular plot of 10 × 25 m (250 m 2 ) in both systematic and random process (Table 2 and Fig. 1 ). The same size plot was used by Plowden et al. (2003) in a random sampling process.
This type of plot may have better captured the pattern and distribution of titica vine host abundance, produced lower sample variances, may therefore be more immune to the ill effects of forest discontinuity, and less likely to be biased by edge effects-as can occur in transect plots. From a statistical point of view, plots of small dimensions with more replications offer greater benefits for forest inventory (Phillips et al. 2003) , and for titica vine as well. Moreover, large plots may cause loss of efficiency due to the tendency of species to form associations or aggregations (Zar 1999) . The choice of plot size in titica vine inventory therefore requires a sensitive balance among several competing factors: (1) the need to minimize edge effects from forest discontinuities and sampling error, (2) the need to maximize the precision and accuracy of the variable of interest (e.g., production of titica vine roots), and (3) the need to minimize measurement effort and travel time.
Sampling intensity
All treatments varied in accuracy yet provided consistent estimates of production of titica vine roots. As the sampling intensity increased the sample error decreased. A smaller number of sample units and higher values of Student "t" may have induced a higher standard error, which is reflected by the sampling error. Silva et al. (2007) and Ubialli et al. (2009) , for example, showed that sampling intensities equal to or less than 10 % proved to be sufficient to obtain accurate estimates of wood production. In our study, we noticed that the estimated production of titica vine per hectare associated with lower E% was related to treatments with sample intensities of 15 and 20 %. However, the optimal sampling intensity varies with the total size of the area of interest, and also we emphasize that in this study area sampling area ranging from 2.7 to 4 ha provided the most accurate titica vine production estimates by hectare, with values near the reference inventory.
Conclusion
In this study, we developed and tested methods for titica vine inventory in a Brazilian tropical rainforest. This is the first study to evaluate a sampling method for a non-timber forest product type vine in tropical forest. The definition of a sample scheme is an important step in management plan development; therefore, based on the results found herein, we conclude that the best method for accurate estimates of production of titica vine in a Brazilian Amazon rainforest typology with a sampling error below 15 % is a systematic sampling system, with intensities between 15 and 20 % and with plot sizes of 250 m 2 (10 m × 25 m) to 300 m 2 (15 m × 20 m), or a random sampling system with a sampling intensity of 20 % and plot size of 10 × 25 m (250 m 2 ). Even though we did not consider the direct cost, the framework presented herein can serve as a useful methodology, and the result will ultimately support further study and management of titica vine as well as other vine species. We hope that the promising methods for titica vine inventory presented in this study will stimulate further research and applications, not just for inventorying and monitoring titica vine, but also for other non-timber forest products.
